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34
Civil and military aircrafts are normally powered by gas turbine engines burning kerosene, whilst a large number replace the aviation gasoline engines in various applications [3, 4] . In this regards, the NATO and US Army also 41 adopted the policy of a 'Single Fuel Forward' using aviation kerosene JP-8 [5, 6] . The demand for HF-APEs in non-42 military applications (e.g., agriculture aircraft, outboards) is increasing as well [7] . Therefore, the trend to adopt heavy 43 fuel for Aviation Piston Engines is prevailing now for both military requirements and civil applications in the field of 44 general aviation.
45
More attentions have been focused on two-stroke SI HF-APEs for the last decades [7] [8] [9] [10] [11] [12] [13] because CI engines 46 with lower power/weight ratios were more difficult than SI engines to meet the design requirements of Unmanned JP-5 using a two-stroke SI direct injection engine, and reported that the performance characteristics were similar to 49 that with gasoline in terms of torque and power output at low engine speeds and low engine loads [12] . High 50 performance SI HF-APEs burning heavy fuels (i.e., kerosene and diesel) have been widely applied for the ground fleet 51 and UAV in the military [13, 14] . Duddy et al. compared gasoline and JP-8 in an SI engine with the Sonex
52
Combustion System, and found that comparable power outputs were achieved [13] .
53
A small number of researchers and manufacturers have exploited the application of CI HF-APEs recently with 54 the development of advanced CI engines, and they claimed that aviation kerosene fuels (such as Jet-A , JP-5 and JP-8 55 from the U.S.) could be used to satisfy the requirements of general aviation with respect to combustion performance 56 and emissions [13] [14] [15] [16] [17] [18] [19] . higher than Jet A-1 under similar conditions, which reflects the reactivity, diffusivity and exothermicity characteristics 67 of aviation fuels [22] . Additionally, RP-3 has a relatively low viscosity compared to commercial diesel, which leads to 68 better atomization, vaporization, and spray formation inside the combustion chamber of the turbine engine. Therefore,
69
it is necessary to investigate the combustion performance and emission characteristics of RP-3 in a CI engine, which 70 are rarely found in the existing literature. 
Test engine and facility
98
A four-cylinder common-rail diesel engine was modified into a single-cylinder naturally-aspirated research 99 engine for this work. The AVL 439 opacimeter was utilised to evaluate the 'absorption coefficient' of the exhaust gas to reflect the 112 smoke emission level. The 'absorption coefficient' is primarily affected by 'black soot' according to the measurement 113 principle. The effect of THC and NOx on the 'absorption coefficient' evaluated by AVL opacimeter could be negligible
114
[36]. The AVL CEB-II exhaust gas analyser was employed to evaluate gaseous emissions (NOx, CO, CO2 and THC).
115
The dosage of fuel was measured through the FCM-D digital fuel meter. 
Test fuel preparation
117 Table 2 lists the primary properties of diesel, RP-3, pentanol and the test blend fuels. The properties of
118
Commercial 0# diesel and RP-3 kerosene were experimentally measured. The fuel blend properties can be calculated 119 using equations found in the literature [27, 37] . These equations use basic properties of neat fuels along with the 120 composition percentages to determine the blend properties. As mentioned previously, kerosene has less carbon atoms, 121 lower distillation temperature range, lower cetane number and lower viscosity than diesel. Meanwhile, kerosene has 122 better atomisation compared with diesel due to its lower viscosity, surface tension and density. Pentanol was added to 123 RP-3 to increase the viscosity and the oxygen content. Two different blended fuels, K80P20 (80% RP-3, 20% pentanol 124 in volume) and K60P40 (60% RP-3, 40% pentanol in volume) were prepared. 
Test procedure
129
The engine speed was fixed at 1600 rpm for all the engine tests. The engine Indicated Mean Effective Pressure
130
(IMEP) was swept from 0.2 to 0.8 MPa. The lubricant oil and coolant temperatures were kept at 82 ± 3℃ throughout 131 the tests.
132
A split injection strategy (pilot and main injection) was employed. The pilot injection duration was fixed at 300 133 μs and the main injection duration was adjusted to achieve the same engine IMEP. The pilot ratio is the mass ratio of 134 fuel injected during the pilot injection to the total injected fuel, and it was less than 10%. In addition, the interval heat release rate and in-cylinder pressure or even misfire occasionally when the same injection strategy was adopted.
141
To achieve stable combustion, the pilot injection for K60P40 was advanced at the 20°CA BTDC, and the main 142 injection timing was advanced at 4°CA BTDC correspondingly. However, the NOx emissions could be extremely high 143 at this injection timing. Therefore, the original injection strategy with relatively late injection timing was adopted for 144 the other three fuels to achieve low NOx emissions within the Euro 4 limit. The engine operational parameters are 145 summarised as shown in Table 3 . According to the injection strategy, the injection pressure increases as the IMEP rises. The following equation is used to calculate the heat release rate (HRR):
146
Where, Ƴ is the heat ratio; V is the instantaneous in-cylinder volume, and p is the in-cylinder pressure.
165
The indicated thermal efficiency (ITE) was calculated according to the indicated work and the measured fuel flow 166 rate:
Where Wi is the indicated work; Huf is the fuel LHV and mf is the fuel consumed per cycle.
169
An error analysis for engine measurements and analysis, such as load, IMEP, ISFC was performed using the root 170 mean square function (5):
Where UR is the uncertainty of the calculated quantity R; xn is the measured uncertainties of the N th independent 173 variable, and Ux1, Ux2, Uxn are error bars of the parameters to be investigated. The uncertainty of the instruments and 174 their uncertainties are given in Table 4 . 
175
the difference in terms of combustion characteristics among the test fuels. main injection timings for K60P40 were 10° CA advanced than those for other fuels in order to achieve stable 188 combustion as mentioned in Section 2.3.
189
For diesel, RP-3 and K80P20, the heat release of main combustion and in-cylinder pressure were similar at the blends. This could be attributed to the smaller fraction of premixed combustion for diesel due to its shorter ignition 212 delay. Besides, the RP-3, K80P20 and K60P40 fuels had better atomisation due to their lower viscosity and surface 213 tension, which could further enhance the pre-mixing and led to higher second-stage MHRR.
214
In general, the pilot combustion was significantly affected by the cetane number of the fuels. The higher the 215 cetane number, the higher first-stage MHRR it will have. However, the difference of HRR between the test fuels 216 diminished for the main combustion, which was presumably because the atomisation characteristics might offset the 217 influence of cetane number for the main combustion phase. For instance, diesel has the highest cetane number, yet it 218 also has the highest viscosity which inhibits the breakup and collapse of fuel spray. 
Ignition delay and combustion duration 223
The ignition delay of the main combustion process is illustrated in Fig. 4 . CA10 and CA90 represent the crank 224 angles at which 10% and 90% of the fuel mass were consumed. Ignition delay is defined as the crank angle difference 225 between CA10 and the start of injection (SOI). It can be seen in Fig. 4 that the K80P20 presented the longest ignition 226 delay for most of the test loads, while diesel exhibited the shortest delay due to its high cetane number at 0.6 and 0.8 227 MPa IMEP. At high temperatures (high loads), all the fuels evaporate rapidly and then the oxidation reaction rate
228
(reflected by the cetane number) would dominate the ignition delay over the fuel physical properties. The higher in-229 cylinder temperature and pressure upon ignition for K60P40 due to earlier injection strategy will promote the 230 formation of more active species, and hence K60P40 has a relatively shorter ignition delay even though its cetane 231 number is the lowest among all the test fuels. of all the fuels were lower than the limit. The MPRR of K60P40 was higher than other test fuels due to earlier 266 injection strategy and high volatility. 
Emission characteristics
271
In this section, regular emissions including soot, NOx, THC and CO were presented as shown in Fig. 8-11 for all 272 the test fuels under varying engine loads. NOx emissions of K80P20 were observed to be moderately higher than those of kerosene for all the engine loads.
281
Firstly, pentanol enhanced the proportion of the premixed combustion because of its longer ignition delay (see Fig. 4 ), 282 thus contributing to NOx formation. Secondly, the oxygen content of pentanol leads to smaller local equivalence ratio, 283 which might promote the formation of NOx as well. As mentioned in section 2.3, the NOx emissions of K60P40 were 284 found to be significantly higher than those of the other three fuels under all the test loads due to the early injection 285 timing and the resultant higher combustion temperature. 
Soot emissions
289
The soot emissions are presented in Fig. 9 . It is evident that the soot emissions only slightly changed as IMEP 290 increased from 0.2 to 0.6 MPa, but drastically increased at 0.8 MPa IMEP, especially for diesel. As the engine load 291 increased from 0.6 to 0.8 MPa IMEP, the diffusion degree increased significantly and combustion entered 'mainly 292 diffusion zone' due to the higher engine load, higher temperature and shorter ignition delay. Furthermore, the soot 293 emissions are expected to be higher due to the presence of incomplete evaporation and more fuel rich zones in the 294 cylinder under high engine loads.
295
Compared with diesel-derived soot emissions, kerosene and its pentanol blends could dramatically reduce the 296 soot emissions especially at 0.8 MPa IMEP. It can be seen from Fig. 6 that the diffusion degree of kerosene was 297 weaker than that of diesel at 0.8 MPa IMEP, while it was stronger than that of its pentanol blends. Compared with 298 diesel, kerosene has higher volatility and hence more premixed combustion reduced the soot emissions [40] . When 299 pentanol was added with kerosene, the further decrease of soot emissions was observed which could be explained by 300 the following reasons: firstly, pentanol blends have even higher volatility and hence feature more premixed 301 combustion, which is favourable for reducing the soot formation; secondly, the lower aromatic and sulphur content 302 inhibits soot nuclei formation; thirdly, the oxygen atoms facilitate the soot oxidation process and hence reduce the 
CO emissions
327
Similar to gaseous hydrocarbon emissions, the CO emissions were primarily governed by the air fuel ratio, which 328 determined the completeness of combustion. Fig. 11 presents the effects of using kerosene and pentanol on CO engine load for all the test fuels, presumably due to low in-cylinder temperature under moderate engine loads [22] .
331
The combustion temperature gradually rose with the increase of engine load, which decreased the CO emissions from 332 0.2 to 0.6 MPa IMEP. However, oxygen was not plentiful at 0.8 MPa IMEP, and the CO emissions were generated in 333 the lean-oxygen regions of the diffusion combustion. Similar results could be found elsewhere in the literature [22] .
334
The CO emissions of kerosene were 12.5% and 24.6% higher than those of diesel fuel at 0.2 and 0.4 MPa IMEP.
335
The lower cetane number of kerosene and its longer ignition delay enlarged the low temperature zones and thus 336 promoted CO emissions at low loads. On the other hand, the CO emissions of kerosene were 10.2% and 22.7% lower 337 than those of diesel at 0.6 and 0.8 MPa IMEP. The high volatility of kerosene promoted the combustion and increased 338 the second MHRRs, decreasing the CO emissions in the diffusion combustion.
339
Owing to the longer ignition delay and higher latent heat of K80P20, combustion occurred in a relatively cold 340 environment, which was the main reason for the increase of CO emissions of K80P20 compared with kerosene under 341 low loads. Whilst at high load of 0.8 MPa IMEP, the CO emissions of K80P20 were found to be 21.9% lower than that 342 of kerosene. The higher volatility is favourable to decrease CO, and the pentanol with oxygen presence could make a 343 vital contribution to the decline of CO emissions as well. efficiency. However, from 0.6 to 0.8 MPa, the ITEs for all test fuels decreased which is because the higher 351 equivalence ratio and longer combustion duration (see Fig. 5 ). In addition, the higher combustion temperature could 352 decrease the ITE because it led to higher energy dissipation via heat transfer to the cylinder wall. Fig. 12b exhibits the 353 curves of ISFC at different engine loads that showed a reverse tendency compared with Fig. 12a .
354
The kerosene showed higher IFE than diesel by 1.4%-12.4%. The primary reason might be that the combustion 355 efficiency of kerosene is higher than that of diesel due to its shorter combustion duration and resultant higher 356 isovolumetric degree. Similar experimental results were reported that engine thermal efficiency increased with the 357 kerosene addition [44] . Furthermore, the K80P20 presented lower ITE and higher ISFC than kerosene by 1%-6.5%,
358
which was due to less complete combustion of K80P20 caused by its lower combustion efficiency. Fig 3 shows that   359 there was only small amount of effective work during the pilot-injection combustion stage which could explain the 360 worse ITE for pentanol blends. This can be reflected by higher CO and THC emissions observed for K80P20 361 compared with kerosene. The K60P40 had the highest ITE and the lowest ISFC among all the test fuels, which implies 362 that the advantage of advanced injection timing prevail over the effect of pentanol addition. As shown in Fig. 2 , the 363 main combustion and second-stage MHRR occurred just after the top dead centre and the negative work caused by the 364 pilot injection was barely detected, therefore, higher thermal efficiency was achieved for K60P40. 3. RP-3 generated less soot emissions than diesel at high engine loads by an order of magnitude approximately.
384
However, little difference of NOx emissions was observed between RP-3 and diesel. The CO and THC emissions from 385 RP-3 experienced an increase of about 12.5%-24.6% and 10.5%-49.6% respectively at low loads, but a slight decrease 386 at high loads. compared with diesel. However, adding pentanol into RP-3 decreased the thermal efficiency by 1%-6.5% due to the 393 lower energy density of pentanol compared with the hydrocarbon fuels, thereby requiring more fuel to achieve the 394 same power output.
395
Although the combustion-related parameters such as cetane number, viscosity, surface tension of RP-3 make it fit in 396 CI engines. It is worth noting that RP-3 has low lubricity compared to diesel which might cause wear, therefore, long-397 term durability of CI engines run on RP-3 or its oxygenate blends should be carried out for justifying its application in 398 CI engines further. 
